Cellular processes such as nerve conduction, energy metabolism, and import of nutrients into cells all depend on transport of ions across biological membranes through specialized membranespanning proteins. Understanding these processes at a molecular level requires mechanistic insights into the interaction between these proteins and the membrane itself. To explore the role of the membrane in ion translocation we used an approach based on fluorescence correlation spectroscopy. Specifically, we investigated exchange of protons between the water phase and the membrane surface, as well as diffusion of protons along membrane surfaces, at a single-molecule level. We show that the lipid head groups collectively act as a proton-collecting antenna, dramatically accelerating proton uptake from water to a membraneanchored proton acceptor. Furthermore, the results show that proton transfer along the surface can be significantly faster than that between the lipid head groups and the surrounding water phase. Thus, ion translocation across membranes and between the different membrane protein components is a complex interplay between the proteins and the membrane itself, where the membrane acts as a proton-conducting link between membranespanning proton transporters.
where ⌬ is the electrical potential, R is the gas constant (J⅐K Ϫ1 ⅐mol Ϫ1 ), T is the absolute temperature (K), F is the Faraday constant (C mol Ϫ1 ), and ⌬pH is the pH difference between the two bulk solutions on either side of the membrane. The proton-motive force is used, e.g., by ATP synthase to produce ATP. It originally was proposed that ⌬p only depends on the solution properties and that the membrane only acts as a passive barrier isolating the two compartments (1) . Over the years, evidence has accumulated indicating that the scenario is more complicated and also that the membrane surface and the water layer near the surface play major roles in the process (for a recent review, see ref. 2) . One important finding in this respect is the alkaliphilic bacteria, which live in environments having 2-3 units higher pH than that of the bacterial cytosol. Assuming a passive role of the membrane, these bacteria would in principle not be able to maintain a ⌬p large enough to account for their ATP production (3) . To resolve this apparent paradox, the idea of a localized proton circuit along the membrane surface, originally proposed by Williams (4) , has been exploited (2, 5-7) (see also ref. 8 for a theoretical analysis as well as refs. 9 and 10). According to this idea, protons ejected by a membrane-spanning proton transporter are transferred along the membrane to the proton acceptor (e.g., ATP synthase) faster than they are released to the bulk solution. Most likely, this process is facilitated by surface-bound protonatable groups, which conduct protons rapidly along the surface (8, (11) (12) (13) (14) . Furthermore, it has been proposed that the water layer near a membrane surface has a low dielectric permittivity, which gives rise to a potential barrier for ions (15) . In addition to rapid localized proton conduction, these arrangements would make it possible to maintain a higher proton concentration at the membrane, near an exit channel of a proton transporter, relative to that in the bulk solution. Results from several studies indicate that the proton transfer along the membrane surface is indeed faster than the proton equilibration between the membrane surface, or membrane-incorporated proteins, and the bulk solution (16) (17) (18) (19) .
In the case of membrane-spanning proton transporters, a mechanism based on a specific design of the protein surface has been proposed to explain observations that, for some transporters such as bacteriorhodopsin (20) or cytochrome c oxidase (21, 22) , proton uptake takes place at rates that are faster than that limited by proton diffusion in water (for review, see ref. 23 ). In these cases, the proton uptake has been proposed to be facilitated by ''proton-collecting antennae,'' composed of surfaceaccessible negatively charged and protonatable groups (13, 24, 25) . Also, in photosynthetic reaction centers internal proton transfer has been found to be faster than proton equilibration between the protein and the water bulk solution (15) . The crystal structures of proton transporters typically show that histidine (His) residues, surrounded by negatively charged aspartate (Asp) and glutamate (Glu) residues, are found around the entry points of proton-conducting pathways leading into the interior of these proteins (for review, see ref.
2). It has been proposed that the role of the His residues, which have pK a values close to the pH of the bulk aqueous phase, is to rapidly provide a proton to the proton-conducting pathway. The negatively charged Asp and Glu residues would facilitate protonation of the His residues. Thereby, an overall more rapidly occurring reprotonation of the His residues from the bulk aqueous phase could take place. Theoretical calculations have shown that if these negatively charged protonatable groups are located sufficiently close to each other (Ͻ10 Å), protons are transferred along the surface rather than being equilibrated with the bulk (12, 26) . In other words, if a specific proton acceptor at the surface is surrounded by protonatable groups, its proton collision cross-section, and therefore its proton uptake rate can be expected to increase. However, the occurrence of proton-collecting antennae or localized proton circuits at the surface of biological membranes has not been directly demonstrated. To fully understand these phenomena, it is necessary to study the protonation kinetics at the level of individual surface proton acceptors/donors at physiologically relevant conditions and at thermodynamic equilibrium. In this study, we introduced a fluorescence correlation spectroscopy (FCS)-based approach to investigate the protonation dynamics (27, 28) at the surface of liposomes with well defined compositions. In each liposome, only one of the lipid head groups was covalently labeled with the fluorescent pHsensitive dye fluorescein. With this liposome model system, the charge and the buffering capacity of the lipid head groups constituting the membrane surface could be controlled and modulated along with the solution properties.
Results and Discussion
The effect of the membrane composition on the protonation dynamics of the membrane-anchored single fluorescein probe was studied by using FCS. In the FCS measurements, the fluorescence fluctuations generated by protonation/deprotonation of the individual pH sensitive fluorescein molecules were monitored as the liposomes diffused through the small detection volume (1.5 fl). Thus, the recorded fluctuations in fluorescence directly reflected the proton exchange of the fluorophore with its immediate environment at equilibrium conditions (Fig. 1) . Moreover, because of the low fluorophore concentrations used, buffer effects from the fluorophore molecules themselves could be neglected. Thus, this approach has great advantages as compared with conventional relaxation experiments where the response time of the fluorescent pH probe to the proton pulse depends not only on the immediate environment of the fluorophores but also on all other interacting proton-accepting groups of the system.
For freely diffusing fluorescein-labeled liposomes, the recorded FCS curves showed independent fluctuations in three different time regimes associated with (i) the diffusion rate constant (k D ), i.e., the rate by which the liposome diffuses through the detection volume (1/k D ϭ D Х 1.2 ms); (ii) the relaxation rate (k trip ) for the singlet-triplet state transitions within the fluorescein molecules (1/k trip ϭ trip Ϸ 1.5 s); and (iii) the protonation relaxation rate (k prot ). Given the small size of the liposomes (radius ϭ 15 nm) in relation to the detection volume (radius Х 300 nm) and their mobility, the fluorescein-labeled lipid molecules enter and leave the detection volume by diffusion of the whole liposomes and not by diffusion of the fluoresceinlabeled lipid molecules within the membranes of the liposomes themselves. Therefore, the changes in fluorescence attributable to diffusion of the lipid molecules can be neglected.
To investigate the proton-collecting antenna concept, we prepared liposomes composed of the lipid 1,2-dioleoylsn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG), which has a head group that is negatively charged and protonatable with a pK a of Ϸ2. 
where k ϩ1 is the apparent proton diffusion on-rate constant and k Ϫ1 is the off-rate constant. From the slope and the intercept of the fitted line with the ordinate, we obtained k ϩ1 ϭ 9.4 ϫ 10 12 s Ϫ1 ⅐M Ϫ1 and k Ϫ1 ϭ 3.3 ϫ 10 4 s Ϫ1 , respectively. The pK a of the dye is obtained from Ϫlog(k Ϫ1 /k ϩ1 ), which gives a value of 8.5 for the anchored fluorescein molecule. This pK a value is equal to that determined from a static pH titration with a spectrofluorometer (data not shown). The corresponding parameters obtained for
Flũ 15 nm amine (fluorescein-DHPE)] were k ϩ1 ϭ 6.5 ϫ 10 10 s Ϫ1 ⅐M Ϫ1 , k Ϫ1 ϭ 2.5 ϫ 10 4 s Ϫ1 , yielding a pK a of 6.4 (data not shown). These values are the same as those obtained previously for free fluorescein in water (28) . Thus, the membrane surface itself, composed of negatively charged DOPG head groups, acts to increase k ϩ1 for the anchored fluorescein by a factor of 100 while keeping k Ϫ1 practically unaltered. A relatively large increase in k ϩ1 also has been noted in the case of membrane transporters (for review, see ref. 23 ). Furthermore, these results are qualitatively consistent with those obtained previously in timeresolved kinetic measurements (29) .
Next, we investigated whether the increase in k prot of the membrane-anchored fluorescein molecule could be a consequence of the net negative charge of the membrane surface, which would attract protons and result in a higher proton concentration in the aqueous phase near the surface. We therefore repeated the same experiments with a liposome surface composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) head groups, which are zwitterionic and protonatable (pK a Ϸ 2, i.e., equal to that of DOPG head groups). Also in this case, k Ϫ1 was found to be unaltered, whereas k ϩ1 was increased by a factor of 100 (data not shown), i.e., the behavior was the same as that observed for liposomes composed of DOPG. Thus, the results show that the increased apparent proton diffusion on-rate constant (k ϩ1 ) is a result of an increase in the effective proton collision cross-section of the anchored fluorescein molecule and that proton transfer is rapid between the membrane surface protonatable groups irrespective of the surface charge. In other words, the results show that the surface protonatable groups (negatively charged or neutral) collectively act as a proton-collecting antenna for the anchored fluorescein molecule. Moreover, these observations also indicate that the prerequisite for a localized proton circuit is fulfilled, namely, that the proton transfer along the liposome surface is faster than proton exchange between the surface and the bulk aqueous phase.
To investigate the role of buffering protonatable groups (compare His residues at the surface of a proton transporter) in a proton-collecting antenna, we introduced 1,2-dioleoyl-snglycero-3-phosphate (DOPA) lipids into the DOPG liposomes. The DOPA lipid head groups have a pK a of 7.4 (determined from titration), which is close to the pH of the bulk solution in our experiments as well as to the pK a of the fluorescein dye molecules (Ϸ8.5). Consequently, the liposomes containing DOPA harbor surface-localized protons that are in rapid equilibrium with the anchored fluorescein molecule. To model this scenario, Eq. 2 has to be extended to account for the equilibrium between the fluorescein molecule and the DOPA head groups in the liposomes. The dependence of the protonation rate constant, k prot , on the concentration of DOPA (here expressed as the number of DOPA lipid head groups per liposome) was fitted to Eq. 3 (28) .
The first two terms of Eq. 3 are the same as those in Eq. 2, and the last term describes the proton exchange rate between the DOPA lipid head groups and the membrane-anchored fluorescein molecule. K a is the acidity constant of DOPA, which was determined to be 10 Ϫ7. 4 , and k sϩ and k sϪ are the protonation on-and off-rate constants of fluorescein for its proton exchange with DOPA along the surface of the DOPG liposomes. As shown in Fig. 2B, . This observation clearly demonstrates that the proton-uptake rate to a proton acceptor (e.g., fluorescein) at a membrane surface can be accelerated by surface-bound protonatable groups. Because, as shown above, proton transfer along a liposome surface composed of low-pK a lipid head groups is fast, these high-pK a DOPA groups can be rapidly reprotonated from the bulk aqueous phase, analogous with the role of the His residues in the proton-collecting antennae typically found in proton transporters (see above). This role also has been discussed previously for the high-pK a head group of cardiolipin (30) .
The diffusion coefficient for proton transfer along the membrane surface (D surface ) can be estimated from the dependence of k prot on [DOPA] by using the relation (in a pH range where the DOPG head groups are unprotonated, pH Ͼ Ͼ 2):
where is the number of proton ''hops'' between the DOPA head groups and the anchored fluorescein molecule per unit time and l is the average length of a proton hop. We calculate D surface as follows. The number of proton hops per unit time is estimated from the rate constant for proton exchange along the surface between fluorescein and the DOPA head groups, i.e.,
The surface area of the liposomes used in our study is on average Ϸ3 ϫ 10 Ϫ11 cm 2 . Assuming that each DOPA and fluorescein head group occupies an area of (l/2) 2 , we obtain
Ϫ1 cm 2 , which gives (Eq. 4) D surface Х 2 ϫ 10 Ϫ7 cm 2 ⅐s Ϫ1 . It should be pointed out that the diffusion coefficient of lipid molecules within a pure lipid bilayer typically is smaller (31) . Therefore, the exchange of protons can be expected to occur via collisions of fluorescein with DOPA only to a minor extent. Instead, migration of the proton along the surface of the DOPG head groups appears to be the dominating mechanism. The advantage of using the FCS approach for determining D surface is that the value can be obtained under equilibrium conditions. Because the rate of direct protonation of a surface group from the bulk solution decreases with increasing pH, the significance of direct proton transfer from a proton source to a proton sink along the surface increases with increased pH.
In conclusion, we have introduced an FCS-based approach to monitor local, unperturbed proton exchange at membrane surfaces. We foresee that this approach can be applied further to a broad range of investigations of membrane-associated ion exchange, also involving ions other than hydrogen. Our results show that the whole DOPG-liposome surface acts to enhance the protonation crosssection of the surface-anchored fluorescein, increasing its protonation rate by a factor of 100 (Fig. 3A) . This result therefore demonstrates that proton-collecting antennae are likely to be important for the function of proton transporters. Furthermore, we show that the DOPA lipid head groups can store membranelocalized protons that are in rapid equilibrium with the fluorescein proton acceptor (Fig. 3B) . A compatible scenario is found in proton transporters where His residues act as surface-localized buffers near an entry point of a proton-conducting pathway. After delivering a proton to the pathway, the His residue can be rapidly reprotonated from the bulk solution via a surrounding proton-collecting antenna composed of Asp and Glu residues (Fig. 3C) (diffusion coefficient of proton transfer in water), our results show that if the density of surface-bound protonatable groups is such that it corresponds to a higher proton concentration at the surface than in the bulk solution, then the proton exchange rate of a surface group (fluorescein) with the surface can exceed that to the bulk solution. to remove residual multilaminar liposomes and metal particles originating from the tip sonicator. Estimated from their size (radius ϭ 15 nm, determined from the diffusion time of the liposomes in the FCS experiments), each liposome contained Ϸ2,000 lipids. To ensure that each liposome contained only one fluorophore, the ratio of fluorescein-DHPE to nonfluorescent lipids was 1:30,000. The nonfluorescently labeled liposomes do not contribute to the signal in an FCS measurement.
Materials and Methods
FCS Measurements. The sample was diluted with 0.15 M NaCl to a concentration of 5-20 nM of fluorescein-labeled liposomes, corresponding to 4-18 liposomes in the focal volume (1.5 fl). Uncouplers were added to make the vesicle membranes permeable to H ϩ and Na ϩ and, hence, to obtain the same pH inside and outside of the liposome. The solution was bubbled with CO 2 -free air to remove traces of CO 2 , and, during the measurements, CO 2 -free air was blown over the sample to prevent reentry of CO 2 into the sample. The bulk pH was monitored during the entire experiment by using a pH electrode (Jenway, Dunmow, U.K.). The measurements were performed by using a home-built FCS instrument based on an inverted confocal microscope [argon ion laser (model 532-BS-A04; Melles-Griot, Carlsbad, CA, emitting at 488 nm, focal beam radius 0.3 m), objective (Olympus ϫ60, N.A. 1.2), pinhole (diameter ϭ 50 mm)]. Fluorescence detection was performed by using two avalanche photodiodes (SPCM-AQR-14 and -16; PerkinElmer, Wellesley, MA), the output of which were correlated by using a hardware correlator (model ALV-5000; ALV, Langen, Germany). The excitation power was kept constant (66 W) throughout the FCS experiment, yielding constant relaxation parameters for the singlet-triplet state transition of the fluorescein molecule. These parameters as well as the diffusion time of the liposomes were found to be independent of pH and could be fixed in the fitting procedure of the FCS curves throughout the analysis. See ref. 32 for further details on the experimental set-up and fluorescence fluctuations analysis.
